Greenhouse field experiments on tomato were carried out at Shouguang, Shandong province, over four double cropping seasons between 2004 and 2008 in order to understand the effects of manipulating root zone N management (RN) on fruit yields, N savings and N losses under conventional furrow irrigation. About 72% of the chemical N fertilizer used in conventional treatment (CN) inputs could be saved using the RN treatment without loss of yield. The cumulative fruit yields were significantly higher in the RN treatment than in the CN treatment. Average seasonal N from irrigation water (118 kg N ha −1 ), about 59% of shoot N uptake, was the main nitrogen source in treatments with organic manure application (MN) and without organic manure or nitrogen fertilizer (NN). N losses in the RN treatment were lowered by 54% compared with the CN treatment. Lower N losses were found in the MN and NN treatments due to excessive inputs of organic manure and fruit yields were consequently substantially affected in the NN treatment. The critical threshold of N min supply level in the root zone (0-30 cm) should be around 150 kg N ha −1 for sustainable production. April to May in the winter-spring season and September to October in the autumn-winter season are the critical periods for root zone N manipulation during crop growth. However, control of organic manure inputs is another key factor to further reduce surplus N in the future.
Introduction
The total area devoted to vegetable production in China has increased to over 18.2 million ha over the last two decades and accounted for 11.6% of the total agricultural cropping area in 2007 (China Ministry of Agriculture, 2008) . The high market values of vegetables have encouraged farmers to use large inputs of organic manures and mineral fertilizers despite a marked increase in the prices of chemical fertilizers in 2008. Frequent N side-dressing and irrigation are important practices because of the shallow and inefficient root systems of many vegetable species (Schenk et al., 1991; Zotarelli et al., 2009) . Continuous cropping further inhibits root growth and efficient nutrient uptake because of attack by soil fungal diseases and nematodes (Trudgill and Cotes, 2008) . Excessive nitrogen fertilizer use has therefore become an integral part of conventional vegetable production, leading to low fertilizer N use efficiency in most intensive vegetable production regions (Zhu et al., 2005; Cao et al., 2005; Aujla et al., 2007) . Nitrate readily enters the hydrological system or is denitrified in deeper soil layers when unused NO 3 − is transported below the root zone (Tomer and Burkart, 2003) . Nitrate pollution of groundwater near intensive vegetable greenhouses has been reported in north China (Ju et al., 2006) , southeast Spain (Ramos et al., 2002; Thompson et al., 2007) , and in north and central United States (Kraft and Stites, 2003) . High phosphorus accumulation has also been found widely in surveys of vegetable fields (Khai et al., 2007; Wang et al., 2008) . Surpluses of N and P lead to elevated NO 3 − and PO 4 3− concentrations in water bodies and associated eutrophication, health issues and financial loss.
Reducing N losses is the key to avoid nitrate pollution. In the last two decades optimizing N fertilization by balancing inputs and outputs and advisory systems have been used, for example the KNSsystem (Kulturbegleitendes N min -Sollwerte-System) developed in Germany (Lorenz et al., 1989) . Soil mineral N (N min ) testing before planting or before side-dressing has been found to be necessary to make accurate N fertilizer recommendations (Breschini and Hartz, 2002; Hartz et al., 2000) . Although ammonium-nitrogen (NH 4 + -N), which is readily taken up by plants, is the main form of chemical fertilizer N used in China, it accounts for only a small percentage of crop N uptake because most ammonium-N from fertilizers is rapidly nitrified to nitrate-N in the soil root zone over the following 10 days and NH 4 + -N in the soil profile remains at a very low level during the whole growing period. And NO 3 − -N is the dominant form for crop uptake (Liu et al., 2001 before N side-dressing has therefore been employed as an efficient tool to improve N use efficiency in vegetable production systems (Heckman et al., 2002; Heckman, 2003; Hartz et al., 2000; Guo et al., 2008) . Because frequent soil nitrate testing during the course of growth helps monitor the effect of both N mineralization and N leaching or gaseous losses on the soil mineral N status and plant availability. Optimized N recommendations aim to maintain the critical threshold of mineral N supply in the root zone soil in order to match crop N requirements and minimize N losses to the environment. Soil N min storage and nitrogen released from manures and mineral N fertilizers are usually the main sources used to meet to meet crop N requirements and target values of N supply (Feller and Fink, 2002) . However, exogenous N (i.e. nitrate from irrigation water or N deposition) is another possible source of N to cropping systems (He, 2006; Shen et al., 2009) . Calculations of N supply should therefore include the contribution of exogenous N sources in N recommendation systems.
Root zone N management is based on the soil N min test before N side-dressing in order to obtain synchronization of crop N demand and soil N min supply, taking account of the N uptake pattern of the plants, to significantly increase N use efficiency. Using target values and soil nitrate testing as in the KNS system, root zone N management includes all possible N sources that may contribute to the N supply in the cropping system including N deposition and N from nitrate-contaminated groundwater. Root zone N management can lower N fertilizer inputs by 73% for tomato (He et al., 2007) or 55% for cucumber (Guo et al., 2008) compared with conventional practice.
The implementation of root zone N management at the farm level may be the key to reduce N inputs and N losses in vegetable production. In the present study we investigated the effects of root zone N management on crop yield, root zone N supply and apparent N losses in eight successive crops of greenhouse tomato. The simplified N balance method providing useful estimates of potential N losses even through it relied on some major assumption (Barry et al., 1993; Salo and Turtola, 2006; Sieling and Kage, 2006) , was analyzed in the system in order to evaluate the potential to reduce environmental risk.
Materials and methods

Site description
A typical 5-year-old commercial greenhouse (84 m × 8.5 m) constructed of clay walls and covered with polyethylene film was used for the experiment in Luojia village, one of the most intensive greenhouse tomato growing areas in Shouguang county, Shandong province, from February 2004 to January 2008. The annual average air temperature and precipitation were 12.4 • C and 558 mm (2006) , respectively, at the experimental site which has a typical continental monsoon climate. Soil physico-chemical properties are summarized in Table 1 . The soil had 460 g sand kg −1 , 520 g silt kg −1 and 20 g clay kg −1 in the top 30 cm of the profile and 370 g sand kg −1 , 600 g silt kg −1 and 30 g clay kg −1 at 30-60 cm soil depth (USA description). More detailed information on the experimental greenhouse has been given by He et al. (2007) .
Crop establishment and management
The field experiment consisted of a winter-spring (WS) tomato/autumn-winter (AW) tomato (Lycopersicum esculentum Mill.) continuous cropping system. Four-week-old tomato seedlings in the WS season were transplanted by hand in double rows on seedbeds in the middle of February and the final harvest was conducted in the middle of June. After a summer fallow tomato seedlings in the AW season were transplanted in early August and the final harvest was taken the following January. The tomato vines were removed from the greenhouse at the final harvest according to conventional practice. There is no rainfall in the greenhouse because of the greenhouse covered with plastic film all years even in summer fallow. Details of transplanting and harvesting dates and cultivars used in the successive eight growing seasons are listed in Table 2 . Conventional fertilization and furrow irrigation practices were followed in which the fertilizers were dissolved and applied with the furrow irrigation water. Ten to eleven irrigation events took place in each growing season. Details of the conventional furrow irrigation events are shown in Fig. 1 .
Treatments
The following treatments were set up: Here the initial N target values were at a rate of 300 kg N ha −1 for the side-dressing at each stage of fruit cluster development in 2004 (Tang et al., 2004) . From 2005 the target values from transplanting to the third cluster growth stage were changed to 250 and 200 kg N ha −1 for the fourth cluster to the end of harvest in the WS seasons. In the AW season the N target value from transplanting to the fourth cluster growth stage was changed to 200 kg N ha −1 , with 250 kg N ha −1 for the fifth and sixth cluster growth stages. From 2007AW the N recommendation was simplified based on the experiences of preceding years. Three or four side-dressing events with an interval of 7-10 days at a rate of 50 kg N ha −1 were required in April and October. (4) CN: Chicken manure was applied at the same rate as in the MN treatment (except 2006AW) and N fertilizer was side-dressed in the tomato growing period based on conventional practice in the region with an N side-dressing rate of 120 kg N ha −1 on each occasion, depending on the weather conditions and tomato cultivar used in the different seasons of the investigation.
All treatments were set up in a randomized block design with three replicates. Plot size was 54.6 m 2 (7.8 m × 7.0 m) for CN and RN treatments, 32.8 m 2 (7.8 m × 5.4 m) for MN and 21.8 m 2 (7.8 m × 2.8 m) for the NN treatment.
Urea (46% N) was the main chemical N fertilizer and a compound fertilizer (15-15-15) was also used in 2004AW. All plots received 300 kg P 2 O 5 ha −1 as calcium monophosphate (12% P 2 O 5 ) and 400 kg K 2 O ha −1 as potassium sulfate (50% K 2 O) each season.
Soil and plant sampling and analysis
Three soil cores (3.5 mm in diameter) were taken from each plot to 0.6 m depth and subdivided into 0-0.3 and 0.3-0.6 m depth increments before transplanting, at each stage of fruit cluster development and at the end of harvesting. Fresh soil cores were mixed thoroughly to give a composite sample from each plot and sieved through a 2-5 mm mesh. Sub-samples of 12 g were weighed and extracted by shaking with 100 mL 0.01 mol L −1 CaCl 2 for 1 h. Part of the filtrate was quickly tested with nitrate-test strips ('Merckoquant', Merck, Darmstadt, Germany) for N recommendation in the RN treatment (Bischoff et al., 1996) . The remainder was stored at −18 • C immediately prior to analysis for NO Tomato fruits were picked by hand from an area of 7.8 m × 1.4 m in each plot and weighed at each harvest event. Sub-samples of fruits were oven-dried at 70 • C for at least 48 h. Plant samples were taken from each plot at the end of harvesting, divided into leaves and stems, and weighed before and after drying at 70 • C for 48 h. Kjeldahl N was determined in fruits, leaves and stems.
Calculation of apparent N loss
Apparent N loss was calculated according to Eq. (2) N loss = N min initial + N manure + N fert + N irri − N crop − N min harvest (2) where N loss = apparent N loss, N min initial = soil N min at 0-0.6 m depth before transplanting, N manure = total N input from organic manure, N fert = N from applied fertilizer; N irri = NO 3 − -N from irrigation water, N crop = total N uptake by tomato aboveground parts, and N min harvest = soil N min at 0-0.6 m depth at the end of the harvest. (Nicholson et al., 1996) .
Data analysis
Analysis of variance was used to determine the significance of the treatment effects. The experiment was analyzed as a randomized complete block design. Multiple comparisons of mean values were performed using Fisher's Least Significance Test at the 0.05 level of probability. Statistical analysis was performed using version 6.12 of the SAS software package (SAS Institute Inc., Cary, NC). (Fig. 3) .
Results
Exogenous N inputs
Organic manure and irrigation water contributed 162-360 and 54-198 kg N ha −1 per growing season, respectively, and these were the main exogenous N sources in the MN and NN treatments. Fig. 2 summarizes the comparison between the cumulative N supply from irrigation water and crop N uptake curve in the MN treatment from 2004 to 2007. In the early stages of the growing season from transplanting to the stage of first fruit cluster set (35-45 d after transplanting) frequent and excessive irrigation, with total average rates of 195 and 306 mm in the WS and AW seasons, was applied to maintain growth, alleviate soil saline stress and regulate the greenhouse microclimate (He et al., 2007; Thompson et al., 2007) , which is higher than the tomato's water demand (Xu and Gao, 2005) The same letter in the same growing season denotes no significant differences among different N treatments by least significant difference at the 5% level. c ***, significantly difference at P < 0.001; *, significantly difference at P < 0.05; ns, not significant difference.
and estimated evapotraspiration (Zotareli et al., 2009 ) during the whole growing season. The average N inputs from irrigation water accounted for 40 kg and 74 kg N ha −1 in WS and AW seasons, and were much higher than the cumulative N uptake by tomato shoots at the same time (Fig. 2) . The critical period for N side-dressing was in the subsequent period when crop N uptake was more rapid and larger than the supply from the irrigation water.
Fruit yield
The response of fruit yield to the different N treatments in the last eight growing seasons from 2004 to 2008 is summarized in Table 4 . Significant differences in fruit yield were found in different years and growing seasons due to variation in weather conditions and cultivars. Across all treatments from 2004 to 2008, the highest average fruit yields were obtained in 2005. However, unfavorable weather conditions strongly inhibited crop growth in the AW season of 2007 and there were no significant differences in tomato yield among the different treatments. In general, seasonal differences in fruit yield prevailed and higher yields occurred in the AW seasons of the years covered by the investigation. In WS seasons the growing period was only 116-133 d with 4-6 fruit clusters per plant, but in AW seasons the growing period was 166-183 d with 6-9 fruit clusters per plant. Average fruit yield in the AW seasons from 2004 to 2008 was 88.7 t FW ha −1 , which was 6.8 t ha −1 higher than in the WS seasons. Similar effects of different N treatments on tomato fruit yield were observed year-by-year. The fruit yields in the NN treatment in most growing seasons were significantly lower (P < 0.05) than in the other treatments except for 2004WS and 2007AW seasons, with a relatively high initial soil N supply in the former and poor weather conditions in the latter. Due to the N contribution from irrigation water, even without N fertilizer over the whole growing period the cumulative yield in the NN treatment was still relatively high, accounting for 87.5% of the highest yield in the RN treatment. Although N inputs from chemical fertilizer and organic manure significantly promoted fruit yields in the MN, CN and RN treatments, no significant differences were found among these treatments throughout the experimental period with the sole exception of the 2005WS season.
Total N requirements for crop growth to attain target fruit yield were strongly dependent on the N management practices. Com- pared with the RN treatment, negative effects of very high chemical N additions on fruit yield were found in the CN treatment, indicating that higher N inputs did not always produce correspondingly higher fruit yields. No significant differences were found between the RN and MN treatments in the effects of N fertilization on cumulative tomato yields over the 4 years of the study. It seems that additional chemical N application in the RN treatment was not necessary compared with the MN treatment. However, the RN treatment appeared to best attain high and stabilized yield with high quality over the eight seasons through root zone manipulation. This implies that fertilizer N replenishment at critical stages was important to assure high fruit yields.
3.3. Dynamics of soil N min changes in the root zone (0-30 cm)
Side-dressing, mineralization from the organic N pool, crop uptake and possibly nitrate leaching due to excessive irrigation all influenced soil N min contents in root zone. The fluctuating dynamics of soil N min in the root zone reflected soil N supply for crop growth. Fig. 3 shows the temporal pattern of soil N min concentration in the root zone (0-30 cm), where most of root distributed (Sang, 2009; Zotareli et al., 2009) . The average N min contents measured in the eight growing seasons were 70, 146, 199 and 337 kg N ha −1 for the NN, MN, RN and CN treatments, respectively (Fig. 3) . In the summer fallow period soil N min content increased in the root zone in all treatments because of the high N net mineralization rate. Large application rates of organic manure may also result in increased soil N min contents at the early growth stages with a subsequent gradual decline due to excessive irrigation after transplanting and plant uptake. In the NN treatment N supply from irrigation water was virtually equal to N uptake but the highest N min values in each season gradually declined. This indicates that soil N supply had been exhausted with a reduced potential to support plant growth. Similarly, N supply in the MN treatment depended mainly on N mineralization from the soil and organic manure. Seasonal soil N min released from the organic N pool was therefore influenced by soil temperature and moisture status. Because of the large amount of chicken manure applied before transplanting the range of fluctuation of soil N min was much larger in the MN treatment than in the NN treatment.
As temperatures raised the tomato plants entered the rapid growth phase and their N requirement always increase. It is therefore necessary to maintain a critical level of soil N min supply in the root zone (0-30 cm). The critical level of soil N min supply was higher in the RN treatment than the MN treatment, indicating that N side-dressing must be adequate to maintain relative high N min levels in the root zone at certain critical growing stages. From Fig. 3 and Table 5a and b it can be observed that N side-dressing events with an average N application rate of 53 kg N ha −1 occurred in April during most of the WS growing seasons and of 57 kg N ha −1 from mid-September to mid-October for most of the AW seasons. Table 6 . Over the eight successive growing seasons the seasonal average N input in the CN treatment (including soil N min storage in the top 60 cm of the soil profile before transplanting, chemical N fertilizer, N from manure and irrigation water) was 1536 kg N ha −1 , ranging from 1278 to 1714 kg N ha −1 and chemical fertilizer N was the major N source, accounting for 42.0% of total N input. However, seasonal crop N uptake in the CN treatment was only 219 kg N ha −1 , ranged from 149 to 280 kg N ha −1 and on average the estimated seasonal N loss was 849 kg N ha −1 . Because chemical N fertilizer application in the RN treatment was based on soil N min storage before side-dressing and N from irrigation water, total N input and N loss were significantly lowered by 44.5 and 53.8%, respectively, compared to the CN treatment. However, the average apparent N loss was still 384 kg N ha −1 in each growing season. In contrast to the RN treatment, the seasonal estimated apparent N loss was only 236 kg N ha −1 in the MN treatment without chemical N fertilizer application. The lowest average apparent N losses (−7 kg N ha −1 on average) for each growing season were found in the NN treatment in which N from irrigation water was the main N source, accounting for 11.5% of total N input in 2004 WS season to 68.9% in the 2007AW season.
Discussion
Factors influencing root zone N manipulation
Rapid growth rates and poorly developed root systems in greenhouse tomato require relatively high critical levels of water and nutrient supply. Synchronizing tomato N demand to maintain critical N min levels in the root zone at different growth stages is the key objective to solve the conflict between high yields and environmental risk (Guo et al., 2008) . Root zone N manipulation is achieved by calculating fertilizer N requirements based on the N target value and taking into account soil and environmental N supply (i.e. irrigation water). In our experiment, although no significant differences were found in tomato fruit yields between CN and RN treatments, root zone N min levels in the RN treatment were much lower than in the CN treatment. However, the high N min level of 200 kg N ha −1 required for tomato production far exceeded the ecological threshold of 90 kg N ha −1 in the soil (Declercq et al., 2001 ), leading to unavoidable nitrate leaching risk. In contrast, the soil N min level in the root zone of the NN treatment was less than the ecological threshold. And the apparent N losses were lowest, Nevertheless, it still could not a sustainable production with 10% yield cut down and SOM decreased (unpublished data) during the past 4 years. And also the ecological threshold is based on environment risks without considering fruit yield. It seems that 146 kg N ha −1 of soil N min level for MN treatment was close to the critical value of N min supply, which was more appropriate for tomato growth with correspondingly lower N losses, through in some cases soil N supply in the MN treatment was not adequate for rapid accumulation of plant dry matter and N uptake.
Root zone N min manipulation should consider differences in the patterns of crop N uptake and the mineralization of N from the soil. In our experiment from October to the end of harvest (AW season) plant growth rate declined and N uptake in the late growth stages was only 22% of the total N uptake over the whole growing season (Tang et al., 2004) . However, N side-dressing was very important for maintenance of an adequate N min level in the root zone for fruit yield formation during this period because lower temperatures led to a lower rate for efficient N uptake and N mineralization (Das et al., 1995) . In fact there were always two or three N side-dressing events at a rate of 50 kg N ha −1 on average in October for RN treatment (Table 5b) . Similarly, the critical stage for N side-dressing in WS was in April, when the N supply from soil and manure mineralization could not match the crop N demand. The growth response to added N is typically most pronounced with a small N application in the RN treatment at certain key growth stages.
Generally speaking, nitrate is leached down the soil profile with the downward movement of water (Rice et al., 2001) . With optimum irrigation schedules and methods (Sexton et al., 1996; Waddell et al., 2000; Zotarelli et al., 2009) , water and N use efficiencies can be enhanced and nitrate leaching can also decrease further. In our experiment it was focused on how to reduce fertilizer N sidedressing in the growing season and the farmer's irrigation practices were kept. Actually another experiment was conducted using the same N target values as in our experiment to study the effects of irrigation strategies on N utilization of greenhouse tomato (Gao et al., 2008) and the results indicate that with optimum strategies higher N min contents were maintained in the root zone during the period of vegetative growth and less N fertilizer was applied. Optimized irrigation strategies should therefore be included in root zone N min manipulation.
Extensive root systems can increase nutrient uptake efficiency and reduce N losses. However, in greenhouse vegetable cropping systems the root systems are sparse and poor, leading to high nutrient concentrations in the root zone, increased risk of fungal diseases and nematode attack, and low temperatures with limited nutrient uptake efficiency. During the transplanting period small root systems with injured roots can result in restricted N uptake and substantial nitrate leaching (He et al., 2007; Thompson et al., 2007) . Root zone N manipulation therefore also involves strategies to increase the effectiveness of root systems. Starter Solution Technology (SST) might be an effective technique to optimize rhizosphere processes and reduce N application rates (Ma and Palada, 2006) . New molecular and biotechnological methods such as the use of beneficial microorganisms (PGPRs) may prove useful for increasing the efficiency of plant nutrient uptake and crop productivity (Ryan et al., 2009 ).
Nitrogen fate and N cycling in greenhouse vegetable systems
Although N losses were reduced by 57.9 and 73.7% in the RN and MN treatments compared to the CN treatment, 384 and 236 kg N ha −1 per growing season were lost based on our calculations. Perhaps most of this N was leached out of the root zone. Both Zhu et al. (2005) and Song et al. (2009) showed that in the greenhouse cropping systems of Shouguang county (where our experiment was conducted) leached N accounted for 353 and 183 kg N ha −1 per growing season. Other studies also suggest that N leaching may well be the major N loss process in these vegetable cropping systems (Ramos et al., 2002; Cao et al., 2005; Yu et al., 2006; Zotarelli et al., 2007) . Nitrate leaching from agricultural fields has been considered to be one of the major contributors to groundwater and surface water contamination (Tomer and Burkart, 2003; Kraft and Stites, 2003) . A survey on the North China Plain found that more than 50% of shallow groundwater samples collected from agricultural areas exceeded the European Union nitrate standard for drinking water (Zhang et al., 1996) . Furthermore, the high nitrate concentrations were more pronounced in vegetable production areas. In southeast Spain nitrate contamination of underlying aquifers has been found to be associated with greenhouse vegetable cropping (Thompson et al., 2007) . In Shouguang, the largest greenhouse vegetable production region in north China, the percentage of irrigation water samples with nitrate exceeding the public drinking water standard in the greenhouse vegetable cropping towns increased from 18% in 1996 to 81% in 2005 (He, 2006) . Moreover, in our experiment nitrate N concentrations in the irrigation water were over 10 mg L −1 during most of the growing season ( Fig. 1) and N from irrigation water amounted to 118 kg N ha −1 per growing season, a substantial input. The same question was addressed by Khai et al. (2007) and Song et al. (2009) who found on average 311 and 298 kg N ha −1 inputs from irrigation water per growing season in vegetable cropping systems. Reuse of drainage water for irrigation could save about 97 kg N ha −1 (Causapé et al., 2004) . A rational N recommendation would be to maintain a sufficient N supply in the soil to match crop N requirements. Thus, all possible N sources in the cropping system should be taken into account in calculation of the N fertilization rate including N from irrigation water (Jégo et al., 2008) to improve N use efficiency and reduce N losses.
Compared with N leaching, gaseous N losses from N 2 O emissions (11 kg N ha −1 per growing season; He et al., 2007) and NH 3 volatilization (1.5-5.5 kg N ha −1 per growing season; Zhu et al., 2005) were small in comparison to total N inputs but the N 2 O emission rate was much higher than in cereal cropping (Cai et al., 2002) . It was supposed that immobilized N in soil clays, leaching of dissolved organic nitrogen (DON) and denitrification losses might be other N loss processes. Stevens et al. (2005) showed that 20-55% of labeled N was converted into either organic or clay-fixed forms during the first growing season but significantly more N was released from non-available forms during the subsequent growing season. Another key factor in the N cycle, DON may account for 25-43% of total 15 N recovered in leachate (Seely and Lajtha, 1997) and can also be lost to freshwater and groundwater (Jones et al., 2004) . Furthermore, in warm and moist conditions with sufficient available nitrate in the greenhouse denitrification losses also cannot be neglected, and may be even more important than leaching. Ryden and Lund (1980) found that annual denitrification N losses in irrigated vegetable fields, estimated from direct measurements, ranged from 95 to 233 kg N ha −1 year −1 , or 14 to 52% of N inputs. It is therefore necessary to evaluate the amount of N immobilized by soil clays, DON leaching and denitrification N losses in the future to understand N cycling and improve N use efficiency further in greenhouse vegetable cropping systems.
Conclusions
Sustainable tomato crop production requires optimal fertilizer and water management to attain high yields and to maximize profits. All available N supplied to the root zone was taken into account and excessive chemical fertilizer N inputs and N losses were lowered with achievement of high fruit yields and abundant N supply in the root zone for root zone management over the eight successive growing seasons. Nevertheless, 380 kg N ha −1 per growing season was unaccounted for. Nitrate leaching may well be the major N loss process. N adsorbed on soil clay minerals and organic matter, DON leaching and denitrification should also be taken into consideration. It is possible that root zone management could be further refined by quantifying exchangeable ammonium-N in the soil using extraction with KCl. Integrated N management should be adopted to achieve sustainable development of intensive vegetable production systems.
